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Abstract
Evidence that otoliths, mineral-rich limestone concrescences present in the inner ear of bone fishes, can accelerate bone formation
in vivo has been previously reported. The goal of this work was the development, characterization, and evaluation of the
cytocompatibility of otoliths-incorporated sodium alginate and gelatin scaffolds. Cynoscion acoupa–derived otoliths were char-
acterized byX-ray fluorescence spectrometry (FRX), particle size, free lime, and weight loss by calcination. Furthermore, otoliths
were incorporated into sodium alginate (ALG/OTL-s) or gelatin (GEL/OTL-s) scaffolds, previously developed by freeze-drying.
Then, the scaffolds were characterized by thermogravimetric analysis (TGA/DTG), differential scanning calorimetry (DSC),
infrared spectroscopy with Fourier transform (FTIR), swelling tests, and scanning electron microscopy (SEM). Cytotoxicity
assays were run against J774.G8 macrophages and MC3T3-E1 osteoblasts. Data obtained from TGA/DTG, DSC, and FTIR
analyses confirmed the interaction between otoliths and the polymeric scaffolds. SEM showed the homogeneous porous 3D
structure rich in otolith micro-fragments in both scaffolds. Swelling of the GEL/OTL-s (63.54 ± 3.0%) was greater than of ALG/
OTL-s (13.36 ± 9.9%) (p < 0.001). The viability of J774.G8 macrophages treated with both scaffolds was statistically similar to
the group treated with DMEM only (p > 0.05) and significantly higher than that treated with Triton-X (p < 0.01) at 72 h. Both
scaffolds showed approximately 100% growth of MC3T3-E1 osteoblasts by 24 h, similarly to control (p > 0.05). However, by
48 h, only ALG/OTL-s showed growth similar to control (p > 0.05), whereas GEL/OTL showed a significantly lower growth
index (p < 0.05). In conclusion, the physicochemical profiles suggest proper interaction between the otoliths and the two
developed polymeric 3D scaffolds. Moreover, both materials showed cytocompatibility with J774.G8 macrophages but the
growth of MC3T3-E1 osteoblasts was higher when exposed to ALG/OTL-s. These data suggest that sodium alginate/otoliths
scaffolds are potential biomaterials to be used in bone regeneration applications.
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Introduction
Biodegradable osteoconductive polymeric scaffolds have
been used in tissue engineering not only as a substrate for cell
fixation and migration but also as a controlled delivery plat-
form in bone regeneration processes [1].
Different polymers have been used for the development of
scaffolds, including sodium alginate and gelatin. Sodium al-
ginate is a hemostatic agent structurally similar to the extra-
cellular matrix of living tissues, and has been widely used as a
vehicle for controlled release of bioactive compounds in tissue
regeneration [2–4]. Gelatin is a mixture of poly and
oligopeptides derived from the partial hydrolysis of type I
collagen, an important component of the skin, bones, and
connective tissue, and can be easily modified to produce ma-
terials for controlled release of biominerals [5]. The versatility
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and diversity of biomaterials based on both polymers extend
their applications beyond targeted drug delivery and are now-
adays considered for wound dressings, contact lenses, and
tissue engineering. Besides, these polymers also exhibit low
antigenicity, high porosity porous allowing the accommoda-
tion of drugs for delivery and facilitating controlled release
[6].
Otoliths are calcareous concretions found in the inner ear of
teleostean fish (Teleostei), composed of a variety of inorganic
compounds and high molecular weight collagenous proteins.
The main inorganic constituents that have been found in this
biomineral are calcium carbonate and some metallic elements
(Sr, Ba, Mg, Cd, Co, Cu, Zn, Na, K) and nonmetals (Si, P, S,
B) [7]. It is based on a protein matrix composed mainly of
otolin-1 and otolith-1 matrix protein [8]. The C-terminal do-
mains of otolin-1 have high similarity to the same domains
observed in type VIII and X of collagens [9], while the otolith-
1 matrix protein exhibits structural homology to
melanotransferrin [10]. As these human proteins are closely
related to the process of bone mineralization, it is suggested
that otoliths could potentially work as a biomineral in bone
neoformation. In addition, evidence that otoliths derived from
Cynoscion acoupa carried in collagen/bacterial cellulose
nanocomposites can induce bone neoformation has been pre-
viously reported [11].
The aim of this work was to develop, characterize, and
evaluate the cytocompatibility of Cynoscion acoupa–derived
otolith-incorporated scaffolds based on sodium alginate or
gelatin polymeric matrices, searching for novel attractive bio-
materials to be applied in bone regeneration.
Materials and methods
Preparation and characterization of otoliths
Preparation of otoliths
Otolith of Cynoscion acoupa (the fish was commercially pur-
chased at the Antônio Franco Municipal market and the oto-
lith was extracted) was grinded in a vibration-grinding mill
(HERZOGHSM 100®) for 30 s and sifted in electromagnetic
sieve agitator Bertel® until a whitish granulation powder with
particle size ≤ 45 μm mesh was obtained. The final material
was placed in Petri dishes and sterilized under UV radiation
for 25 min, and then stored in a sterile metal box until further
use.
Determination of the otolith’s pH
Otolith was dispersed in distilled water (1.0/100 g/mL), and
the pH determined using pH meter Digimed® DM22 (São
Paulo, SP, Brazil) according to the manufacturer instructions.
Determination of the weight loss by calcination
The weight loss by calcination was determined gravimetrical-
ly on an analytical balance and Quimis® muffle furnace.
Approximately 1.0 g of the dried sample was placed into the
crucible (P2) and the solution was calcined at 950 °C for 1 h
under oxidizing atmosphere. The sample was then cooled
down in a desiccator. The sample (P3) was weighed and the
percentage of mass loss by calcination was calculated using
the following equation:
PF %ð Þ ¼ P2−P3ð Þ
P2−P1ð Þ  100
where P1 is the initial weight of the crucible, P2 is the weight
of the crucible after the sample was added, and P3 is the final
weight of the crucible containing the reminiscent material af-
ter calcination.
X-ray fluorescence spectrometer analysis
Inorganic components of the calcinated sample were analyzed
using a sequential wavelength dispersion X-ray fluorescence
spectrometer (PANalytical BV-AXIOS-Advanced), with
4 kW X-ray tube, operated at 160 mA, calibrated for semi-
quantitative analysis. Chemical compounds were quantified
using software PANalytical SuperQ 4 Manager XRF. The
percentage of calcium and calcium carbonate present in the
sample was determined based on the molecular weight of the
chemical compounds (CaCO3 = 100, CaO = 56, and Ca = 40),
using the following equations:
CaCO3 %ð Þ ¼ CaO %ð Þ0:56
Ca %ð Þ ¼ CaO %ð Þ
0:71
Determination of the free lime content
Firstly, a suspension of otolith powder in ethylene glycol
(1:30, m/v) was prepared and heated at 30 °C in a microwave
oven for 30 s. The suspension was homogenized and washed
in 30 mL of ethylene glycol, filtrate and the filtered was titrat-
ed with 0.35 mL of HCl (0.1 M).
Preparation and characterization of scaffolds
Preparation of the scaffolds
Gelatin (Itá, Santa Catarina, Brazil) and sodium alginate
(Protonal®RF6650, FMC Corporation, Philadelphia, PA,
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USA) powder (1%,w/v) were dissolved in 100 mL of distilled
water at 40 °C under magnetic stirring for 4 h. Then, 1 g of
otolith powder was slowly added into the solution, and the
material was subjected to magnetic stirring for 1 h.
Subsequently, the obtained hydrogels were placed in plastic
molds (5 mL) and frozen at − 20 °C for 24 h. The frozen
hydrogels were lyophilized at − 50 °C under 1.09 Pa for
48 h in a Freeze Dryer (Labconco FreeZone 4.5, USA). The
dried samples of sodium alginate (ALG-s), gelatin (GEL-s),
and sodium alginate and gelatin containing 1% otoliths (ALG/
OTL-s and GEL/OTL-s) were stored in sealed containers in a
glass desiccator.
Thermogravimetry and derived thermogravimetry
Thermogravimetry (TG)/derived thermogravimetry (DTG)
curves were obtained with a thermobalance model TGA-60/
TA-60WS (Shimadzu) in the temperature range 25–900 °C,
using platinum crucibles with 2.5 mg of samples, under a
dynamic nitrogen atmosphere (100 cm3/min) and a heating
rate of 10 °C/min.
Differential scanning calorimetry
Differential scanning calorimetry (DSC) curves were obtained
in a DSC-60 cell (DSC-60 Plus series, Shimadzu, Brazil)
using aluminum crucibles with about 2.5 mg of samples, un-
der a dynamic nitrogen atmosphere 50 mL/min and heating
rate of 10 °C/min in the temperature range 25–500 °C. The
DSC cell was calibrated with indium (m.p. 156.6 °C; Hfus =
28.54 J/g) and zinc (m.p. 419.6 °C).
Fourier transform infrared spectroscopy
The infrared absorption data of the scaffolds were obtained by
attenuation reflectance method in the spectral range 4000–
600 cm−1 in the range 4000–600 cm−1 in KBr pellets using
the FTIR spectrometer (Varian 640-IR) at room temperature.
Scanning electron microscopy
Freeze-dried samples of the otoliths and scaffolds were
sputter-coated with gold and their morphology was analyzed
in a JEOL scanning microscope, JSM-6060 (Tokyo, Japan)
operating at 7 kV.
Swelling index
The dried scaffolds ALG/OTL-s and GEL/OTL-s were accu-
rately weighed and placed into 50 mL tubes containing 45 mL
of phosphate-buffered saline (PBS) solution (pH 7.4) at 37 °C.
At predetermined time intervals (0, 3, 8, 15, 30, 45, and
60 min), the swollen scaffolds were wiped with soft paper
tissue and weighed again. All the procedures were performed
in triplicate and the degree of swelling for all samples at each
time is calculated using the following equation:
S %ð Þ ¼ Wd−Ww
Wd
 100
where Wd and Ww are the weights of dry and swollen scaf-
folds, respectively.
Cell viability in macrophage cell culture study J774.G8
Cells (ATCC CVCL_HA26, Mouse BALB/c monocyte mac-
rophage, Merck, Brazil) were maintained in polystyrene cul-
ture flasks containing DMEM culture medium supplemented
with 10% FBS and cultured at 37 °C and 5% CO2. For the
cytotoxic assays, 24-h cultured macrophages were washed
twice with culture medium and then released from the culture
flasks. Three hours before the incubation time, resazurin di-
luted in PBS at 0.15 mg mL−1 was added. Then, a suspension
of 106 cells mL−1 was prepared, from which 100 μL was
transferred to a 96-well microplate. As a positive control,
Triton-X 100 was used, and as a negative control, cells were
used with DMEM medium (Dulbecco’s Modified Eagle’s
Medium –Gibco®). After 2 h of incubation, cell cultures were
subjected to 10 mg mL−1 of each scaffold (ALG/OTL-s and
GEL/OTL-s) and incubated for an additional 72 h. The min-
imal cytotoxic concentration (MCC) was determined by the
MTT (3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium
bromide) tetrazolium reduction assay. Absorbance was mea-
sured at 570 nm and 595 nm in a SpectraMax M5 spectropho-
tometer (Molecular Devices, CA) according to the following
equation (AL-NASIRY et al., 2007):
RR %ð Þ ¼ εoxλ595 x Aλ570ð Þ– εoxλ570 x Aλ595ð Þ
εredλ570 x A’λ595ð Þ– εredλ595 x A’λ570ð Þ
where RR (%) is the percentage of resazurin reduction, and
εoxλ and εredλ are constants of the molar extinction coeffi-
cient at wavelengths of 595 nm and 570 nm, in the oxidized
and reduced forms. Aλ represents the absorbance values ob-
tained on the wells, and Aλ’ the reference absorbance in the
wells with no cell. These tests were performed in triplicate for
each sample.
Cell viability in MC3T3-E1, Subclone 14 (bone calvaria)
osteoblastic cells
The osteoblastic cell line of MC3T3-E1 Subclone 14 mice
(ATCC CRL-2594, Mouse C57BL/6 bone calvaria, Merck,
Brazil) was used in this assay. Cells were initially plated
(Time 0 h) at a concentration of 1 × 105 cells/well in a 24-
well plate which were incubated at 37 °C - 5% CO2 using
Alpha medium Minimum Essential Medium with
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ribonucleosides, deoxyribonucleosides, 2 mM L glutamine,
and 1 mM sodium pyruvate, without ascorbic acid, plus fetal
bovine serum to a final concentration of 10%. After 24 h and
total adhesion of the cells, they were placed in contact with the
material for 24 to 48 h. After the treatment period, the samples
were removed from the cultures and the cells were washed
with PBS, trypsinized, and counted using the Image
Cytometry technique. An aqueous solution of 10 mg/mL oto-
liths was used as a control.
Statistical analysis
Data analyses were performed using GraphPad Prism 5.0
(GraphPad Prism Software Ins., San Diego, CA, USA). Data
were subjected to normality distribution analysis using the
Shapiro-Wilk test. Then, data obtained in the swelling index
were analyzed using Student’s T test. Cytotoxicity analysis
data on macrophages J774.G8 were analyzed by one-way
ANOVA, whereas data on the viability of MC3T3-E1 osteo-
blasts were analyzed by two-way ANOVA. Both tests were
followed by Tukey’s post hoc multiple comparison test. All
values were expressed as mean ± standard deviation of the
mean (SD) and differences between means were considered
significant when the “p” value was less than 0.05.
Results and discussion
The prepared otolith sample exhibited as a whitish fine gran-
ulation powder (≤ 45.0 μm), with pH 8.8. Tissue-nonspecific
alkaline phosphatase (TNAP) is an enzyme that hydrolyzes
pyrophosphate and provides inorganic phosphate to promote
mineralization, which works at alkaline medium (pH between
8 and 11) [12]. Moreover, alkaline pH was shown to increase
osteoblasts viability in vitro and induce the development of
cell properties typically observed in mature osteoblasts, such
as the expression of late osteoblastic transcription factors and
the ability to mineralize [13]. It is thus suggested that the
otolith preparation pH could positively interfere with the po-
tential osteoinductive/conductive activity of scaffolds.
The percentage of otolith grinding retention in the sieve
was 0.4%, with 99.6% of particles with a particle size ≤
45 μm, which is consistent with a very homogeneous
granulometric behavior. It is likely that the large surface area
of the otolith microparticles could promote fast dissolution
due to the greater surface area exposed to the biological envi-
ronment, allowing the chemical interaction between the bio-
material and the new formed bone, and accelerate the forma-
tion and the growth of the biologically active apatite layer
[14]. Furthermore, recent reports have suggested that larger
sized hydroxyapatite particles (20–100 μm) generate a less
prolonged inflammatory response compared with smaller
ones, which suggest that incorporation of larger sized particles
into biomaterials scaffolds might prove beneficial in promot-
ing a tissue regenerative microenvironment upon implantation
[15].
The mass loss by calcination analysis revealed that the
otolith preparation had a mass loss of 47.4%, compatible with
CO2 release from calcite (CaCO3) calcination, and 0.08% rel-
ative to water loss. These data suggest low organic content and
confirm the high concentration of inorganic compounds in the
sample. After calcination, FRX showed the presence of calci-
um oxide as the major element in the composition of otoliths
(52%). However, as the calcination procedures led to about
47.4% of mass loss due to CO2 release, it is possible to infer
that there was 92.85% of calcium carbonate. The other com-
ponents were represented by some metal (Sr, Ba, Mg, Cd, Co,
Cu, Zn, Na, K) and nonmetal elements (Si, P, S, B). The high
content of calcium carbonate in the chemical composition of
otoliths has also been previously described by Izzo et al. [7].
In addition, otolith preparation presented 0.09% free lime
(expressed as free CaO) available to interact with water mol-
ecules. Calcium oxide is a very reactive compound that inter-
acts with water molecules causing a hydration reaction, incor-
porating hydroxyl ions (OH−) into their crystalline structure to
form transforming calcium hydroxide [Ca(OH)2]. The disso-
lution of calcium hydroxide offers an early abundant supply of
calcium and hydroxyl calcium [16], that can participate in the
formation of pure hydroxyapatite crystals, the major compo-
nent of the inorganic mineral phase of the bone matrix [17].
The chemical composition of otoliths may thus possible favor
bone neoformation, since the higher the content of carbonate
in a biomineral, the greater the osteoconductivity [18].
The thermogravimetric (TG/DTG) and DSC curves of oto-
liths, ALG/OTL-s, and GEL/OTL-s scaffolds are shown in
Fig. 1 and Table 1. The thermogravimetric curve of the oto-
liths shows the thermal stability of the mineral in the range of
25 to 600 °C. Then, a mass loss event of 35.87% (Tpeak =
650 °C) occurred, probably related to the degradation of the
calcium carbonate molecules present in the chemical compo-
sition of the otoliths. Supporting our findings, the decompo-
sition temperature of the calcium carbonate has been demon-
strated to be over 600 °C [19]. Three stages of mass loss were
observed in the TG curve of ALG-s. There was a thermal
event around 25 to 200 °C, with 10.56% of mass loss, corre-
sponding to the dehydration of the sample relative to the re-
sidual moisture of the polysaccharide and water more inter-
nally bound to the alginate structure. Between 200 and
500 °C, there was a mass loss of 23.21%, probably due to
degradation of anhydrous sodium alginate and formation of
sodium carbonate (Na2CO3), whereas between 500 and
800 °C (Tpeak = 566 °C), there was a mass loss of 29.04%,
associated with the decomposition of sodium carbonate in
sodium oxide (NaO2) and release of carbon dioxide (CO2).
The residual mass was 37.19% of the initial mass. Similar
thermal events regarding the thermal analysis of sodium
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alginate have been previously reported [20]. ALG/OTL-s,
similar to ALG-s, also presented the same thermal events,
represented by dehydration (25 to 200 °C, with 11.84% of
mass loss), decomposition (200 and 500 °C, it was noticed a
loss of mass of 27.60%), and degradation (between 500 and
800 °C, with loss of mass of 13.49%). The residual mass was
47.07% of the initial mass.
GEL-s depicted two thermal events, one occurring at ap-
proximately 200 to 500 °C, with a mass loss of 54.96%, re-
lated to protein chain breakdown (helical structure) and rup-
ture of the peptide bonds, and another at 500 to 800 °C
(Tpeak = 486.14 °C), resulting in a small mass loss of
3.73%. The final residue was 42.31% of the initial mass.
Supporting our findings, the thermal decomposition of gelatin
has been reported to occur between 25 and 250 °C [21].
However, the GEL/OTL-s presented three stages of mass loss,
the first occurring between 25 and 200 °C (loss of 7.75%),
attributed to loss of adsorbed and structural water, the second
between 200 and 500 °C (loss of 44.73%), and the last one
between 500 and 800 °C (typical = 581.70 °C and loss of
27.14%), related to the degradation of the sample and to the
final residue, with approximately 20.38% of the initial mass.
The changes in mass loss percentage variations and degrada-
tion temperature peaks between the scaffolds of ALG
(Tpeak = 566.16 °C) and ALG/OTL (Tpeak = 702.74 °C)
and between scaffolds of GEL-s (Tico = 486.14 °C) and
GEL/OTL-s (Tico = 581.70 °C) suggest the interaction of oto-
liths with the polymer matrices, increasing their thermal
stability.
The DSC curves of otoliths, ALG-s, GEL-s, ALG/OTL-s,
and GEL/OTL-s are shown in Fig. 2 and Table 2. The otoliths
presented thermal stability in the range of 25° to 500 °C with-
out changes in their physical state, in agreement with the data
observed in TG. ALG-s presented an endothermic peak
(Tpeak = 89.2 °C) characteristic of dehydration of the alginate
polymer [20]. An exothermic peak was observed between 200
and 270 °C (Tpeak = 245 °C), likely related to the oxidative
degradation of the glycosidic ring in the alginate structure
[22]. A last exothermic peak was observed at 441.2 °C, prob-
ably representing CO2 release, which could also be observed
in the TG curve. ALG/OTL-s decreased the intensity and
temperature of the characteristic peaks of the polymer (typi-
cal = 71.3 °C, 244.4 °C, and 437.2 °C), which is suggestive of
an interaction between otoliths and the polymer GEL-s pre-
sented an endothermic peak in the temperature range between
25 and 150 °C characteristic of vaporization (Tpeak =
101.72 °C) and consequent dehydration of the polymer. In
the temperature range between 150 and 300 °C, an exothermic
event (Tpeak = 176.49 °C) was observed, which may be asso-
ciated to the oxidative thermo-degradation process of the
polymer due to protein chain breakdown (helical structure)
and peptide bond rupture [20]. In the range of 300° to
400 °C (Tpeak = 431.7 °C), probably the sublimation of the
polymer and, therefore, pyrolysis decomposition occurs.
GEL/OTL-s showed a decrease in the intensity and tempera-
ture of the peak characteristic GEL-s (Tpeak = 71.3 °C and
450.4 °C). Since this DSC curve has similarities with that
obtained for the otoliths, the incorporation of the biomineral
to the protein matrix can be suggested.
FTIR profiles and elemental analyses were used to in-
vestigate the coexistence, nucleation, and deposition of the
inorganic compound of the otoliths within the various or-
ganic matrices. The FTIR spectra of OTL, ALG-s, and
ALG-OTL-s are shown in Fig. 3. OTL FTIR spectral data
are characteristic of carbonate groups (CO3
−2), with ab-
sorption bands located at 875 and 1400–1500 cm−1.
Intense bands can be observed at 1420 cm−1, representing
the anti-symmetrical stretching of the carbonyl of the car-
boxylate ion (C=O); at 858 cm −1, related to the angular
deformation of the CO3 group; and at 708 cm
−1, character-
istic of angular deformations in the O=C=O plane charac-
teristic of CaCO3 present in its structure in the form of
aragonite [23]. A band was observed in 1080 cm−1, related
to the symmetrical stretch C=O, similar to the correspond-
ing patterns of CaCO3 in calcite forms (1080 cm
−1) [24],
and to the PO4
3− found in calcium phosphate [25]. The
absorption band near 2520 cm−1 indicated the presence of
the HCO3 radical in the material and the large band in the
region of 3300 to 3400 cm−1 referring to the stretching of
the OH group can be attributed to the presence of water
molecules from the moisture in the sample, as previously
demonstrated by De Souza et al. [24].
Table 1 Percentage ofmass loss and degradation temperatures of the samples obtained by TGA/DTG from otoliths (OTL), ALG-s, GEL-s, ALG/OTL-
s, and GEL/OTL-s







OTL - - 35.87 ± 2.5 650
GEL-s - 54.96 ± 2.6 3.73 ± 0.9 486.14
GEL/OTL-s 7.75 ± 0.6 44.73 ± 1.1 27.14 ± 1.2 581.70
ALG-s 10.56 ± 0.5 23.21 ± 2.9 29.04 ± 0.3 566.16
ALG/OTL-s 11.84 ± 0.3 27.60 ± 1.4 13.49 ± 2.6 702.74
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Characteristic bands of carboxylic acids were observed in
the spectrum of ALG-s, located between 2800 and 3000 cm−1,
related to CH2 or C–H groups, between 2500 and 2300 cm
−1,
related to the group S=O, between 1771 and 1537 cm−1, re-
lated to the C=O of the carboxylic acid groups, between 1416
and 1304 cm−1 concerning the axial deformation of the C=O
of the carboxylic acids, and at 1040 cm−1 regarding the ab-
sorption of the ethers. Similar data concerning the alginate
spectrum was previously reported by Mirzaei et al. [26].
ALG/OTL-s showed a reduction in the band corresponding
to the O–H groups and in the bands between 950 and
640 cm−1 corresponding to the C–H and C–C bonds of the
alginate, probably due to auto-oxidation [26]. There was dis-
placement in the bands between 1400 and 1450 cm−1, and
reduction in the intensity of the bands between 1771 and
1304 cm−1, which are related to C=O of the carboxylic acid
groups. These changes probably occurred due to the substitu-
tion of alginate sodium by the calcium of the otoliths.
When a carboxylic acid is converted to carboxylate, the
generated carboxylate ion has a negative charge equally dis-
tributed over two oxygen atoms, and the C=O and C–O bonds
are replaced by two equivalent C–O bonds. Thus, the carbox-
ylate ion has two characteristic bands, one of which is intense,
resulting from the asymmetric axial deformation of the C–O
Fig. 2 DSC curve demonstrating the changes in the physical status of the
material vs. temperature
Table 2 Thermal events obtained of the DSC curves from otoliths
(OTL), ALG-s, GEL-s, ALG/OTL-s, and GEL/OTL-s
Samples 1st stage (%) 2nd stage (%) 3rd stage (%)
OTL - - -
(25–150 °C) (150–270 °C) (270–450 °C)
ALG-s 89.2 245 441.2
ALG/OTL-s 71.3 244.4 437.2
(25–150 °C) (150–300 °C) (300–460 °C)
GEL-s 101.72 176.4 431.7
GEL/OTL-s 71.3 450.4
Fig. 1 TGA/DTG curve demonstrating the percentage of mass loss vs. temperature
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bond and appears between 1650 and 1550 cm−1. The other,
weaker, is observed around 1400 cm−1 and results from the
symmetrical axial deformation of the C–O bond. In addition,
the band displacement and intensity increase between 2500
and 2000 cm−1, characteristic of the stretching of the alkynes
and nitriles groups (−C≡C−, C≡N) was identified. The set of
these spectral changes seems to suggest the interaction be-
tween the otoliths and the alginate polymer.
GEL-s showed bands between 3513 and 3123 cm−1 refer-
ring to the flexural vibration of N–H and another between
2988 and 2828 cm−1 referring to O–H chelates. Bands at
1639 and 1538 cm−1 related to the amide bonds, referring to
the amide bands I and II, respectively, were attributed to the
stretching vibrations of the C=O bond and as a result of the
coupling of the N–H flexion in the plane to the amide I and
stretching the C–N bonds to the amide II, the band at
1238 cm−1 was caused by the vibration of the CH2 oscillation
relating to the amide III. A band corresponding to the NH2
groups was observed at 1540 cm−1, and one related to the axial
deformations of C=O groups of carboxylic acids was evi-
denced between 1183 and 1003 cm−1. Similar results were
also demonstrated by Poddar et al. [27]. GEL/OTL-s showed
the disappearance of the bands referring to the N–H groups
and the O–H chelate groups. Furthermore, reduction of the
intensity of the bands related to the axial deformations of the
C=O groups of carboxylic acids was also observed. Therefore,
the interaction between the components of the gelatin mole-
cules and otoliths can be suggested.
The swelling behavior of the scaffolds can be seen in
Fig. 4. A significant increase in the mass of GEL/OTL-s
(p < 0.001) and ALG/OTL-s (p < 0.05) was observed at the
end of the experiment, in relation to their initial dry mass.
a)
b)
Fig. 3 FTIR spectra of a otoliths and scaffolds of sodium alginate (ALG-s) and sodium alginate containing otoliths (ALG/OTL-s); and b otoliths and
scaffolds of gelatin (GEL-s) and gelatin containing otoliths (GEL/OTL-s)
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However, swelling of the GEL/OTL-s scaffolds was signifi-
cantly greater than the ALG/OTL-s (p < 0.001). Functional
groups present on the otoliths interact with the polymer chains
of gelatin and alginate, thereby forming hydrogen bonds. For
this reason, it is possible to suggest that the intense swelling of
the GEL/OTL-s (63.54 ± 3.0% in relation to the initial mass)
compared with ALG/OTL-s (13.36 ± 9.9%) (p < 0.001) prob-
ably occurred due to the penetration of liquid into the scaffold
pores and interaction of the free hydroxyl with water mole-
cules by hydrogen interactions [28]. On the other hand, ALG/
OTL-s, presented a lower swelling, possibly because the pres-
ence of calcium complexed with the alginate molecule,
through the anionic domains of alginate interacting with the
cationic domains of the otoliths, made the reactive hydrophilic
sites unavailable for interaction with the water molecules [27].
As GEL/OTL scaffolds showed greater swelling, this bioma-
terial could retain greater amounts of organic fluids, maintain-
ing its shape and providing a stable framework for the forma-
tion of clots (PODDAR et 2019). However, the anatomical
site of implantation of the scaffolds is critical to analyze
whether large swelling is beneficial or not, as long as largely
swollen scaffolds could compress the surrounding healthy tis-
sues and impair bone repair (SHIMOJO et al., 2016).
Therefore, as ALG/OTL-S showed to be able to absorb rela-
tively great amounts of blood fluid without presenting exces-
sive swelling, they should be considered more suitable to be
used as potential biomaterials in anatomical sites limited by
rigid walls, such as bone cavities.
Both materials formed three-dimensional porous structures
typically observed in scaffolds [27]. GEL-s exhibited numer-
ous andmore regular pores with approximately 100 to 150μm
diameters (Fig. 5a and b), which is in agreement with previous
reports by Verma et al. [29]. ALG-s, in turn, formed pores
ranging from 200 to 350 μm, with thicker walls (Fig. 5c and
d), data also observed in previous studies described by Pan
et al. [30]. A large surface area favors cell attachment and
growth, whereas a large volume of pores is required to accom-
modate the cell content necessary for tissue repair. In turn,
pore continuity within a synthetic matrix allows the transport
of materials and cell migration [31]. Moreover, in bone tissue
repair, at least 90% porosity and 100–500 μm pore size are
required for proper cell diffusion and adhesion, and develop-
ment of a capillary network to provide blood supply [32]. The
high porosity also minimizes the amount of polymer to be
implanted, and allows the transfer of metabolic residues by
nutrients, facilitating cell growth in the matrices [33].
Otoliths were presented as rectangular, polyhedral, or cu-
boid crystals, with irregular and rough surface and diameter
ranging from 5 to 45 μm (Fig. 6a and b). After their incorpo-
ration into gelatin (GEL/OTL-s, Fig. 6c and d) and alginate
(ALG/OTL-s, Fig. 6e and f), the micro-fragments of otoliths
were seen as small crystals of variable diameter homoge-
neously distributed along the walls of the 3D structure of both
scaffolds. In addition to the homogeneity in the distribution of
otoliths in GEL/OTL-s and ALG/OTL-s, no voids or defects
of the structure were observed within the walls. Such charac-
teristics allow the composite to be used in the development of
three-dimensional porous scaffolds for bone regeneration
since empty spaces between the fibers hinder the integration
with the host tissue and large interfibrillar spaces impair blood
vessels growth, cell migration, and nutrient transport through-
out the scaffold [34].
In the cytotoxicity assay using J774.G8 cells, GEL/OTL-s
and ALG/OTL-s had a significantly higher rate of cell turn-
over than Triton-x (positive control) (p < 0.001), close to
100%. These data suggest that nanocomposites that did not
present a cytotoxic effect are shown in Fig. 7. Surprisingly,
cell viability in ALG/OTL-s was lower than in DMEM
Fig. 4 Swelling behavior of otolith-incorporated gelatin-based (GEL/OTL-s) and sodium alginate-based (ALG/OTL-s) scaffolds immersed in PBS over
time
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(negative control (p < 0.05) and such effect was shown not to
be related to the otolith’s incorporation as otoliths did not
impair the cell viability. However, it might be a result of some
products generated from the interaction between otoliths and
sodium alginate molecules. This interaction seems to occur
due to the probable substitution of sodium ions (Na+), from
the sodium alginate, by calcium (Ca2+), from the calcium car-
bonate present in the otoliths. Thus, it is possible that the
replacement and crosslinking reaction of the molecule could
determine CO3
−2 formation. This could have led to the mild
reduction in cell viability observed in the current study, since
carbonate anion formation has been previously reported to
induce oxidative stress in cell culture [35]. This possibility
also seems to be supported by our previous FTIR data, which
showed greater interaction between the otoliths and the algi-
nate molecules, probably via calcium carbonate interacting
with the oxygen of the C=O bonds. However, only high con-
centrations of calcium carbonate can promote substantial
changes in the cell viability profile [36], which was also ob-
served in the current study, as cell viability after treatment
with ALG/OTL-s was 80.3 ± 2.1%, considered appropriate
to tissue engineering.
As shown in Fig. 8, the growth of MC3T3-E1 cells treated
with ALG/OTL-s and GEL/OTL-s scaffolds was statistically
similar to the control group in 24 h (p > 0.05). However, at
48 h, osteoblast viability in ALG/OTL-s was similar to the
control (p > 0.05), but significantly lower in GEL/OTL-s
(p < 0.05). These data suggest that sodium alginate-based
scaffolds provided a better matrix for osteoblast growth than
gelatin. Although the reasons for the best performance of
ALG/OTL-s are not fully clarified, it is possible that the low
levels of free CO3
−2 released from the interaction of the calci-
um carbonate from otoliths and sodium of alginate chain
might have increased the pH of the medium, and alkaline
PH has been previously demonstrated to enhance osteoblast
metabolic activity and viability [13]. However, further studies
are still necessary to prove this theory right.
This study demonstrated the successful development of
scaffolds that exhibited porous 3D architecture that can fa-
vor cell fixation, proliferation, and differentiation for bone
engineering applications.Besides, taken together, the results
suggest that the ALG/OTL scaffolds would represent more
suitable materials for applications such as biomaterials in
bone tissue engineering, as they present a better morpholog-
ical structure for cell migration, present a cytocompatibility
profile considered fully acceptable in J774.G8 cells, and
promote greater growth of osteoblasts (MC3T3-E1 cells)
after 48 h, in comparison with the GEL/OTL scaffolds.
However, it is well-established that the nanometric size of
the inorganic particle has a notable effect on improving the
mechanical properties of the scaffold and is considered crit-
ical for an excellent dispersion of the particle within the
polymericmatrix [32]. For this reason, a detailed study about
the impact of the morphology and particle size of otoliths on
the biological functions of the otoliths-incorporated nano-
composites is still necessary in order to optimize its use as a
biomineral and improve the adhesion, proliferation, and dif-
ferentiation of osteoblastic cells.
Fig. 5 SEM photomicrographs of
cross sections of the pore surfaces
of scaffolds 3D scaffolds
observed under SEM. a, b
Scaffolds of gelatin presenting
numerous and regular pores
limited by thin walls. c, d
Scaffolds of sodium alginate
exhibiting larger pores with
thicker walls
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Fig. 6 SEM photomicrographs of
the structure of otoliths presenting
rectangular, polyhedral, or cuboid
crystals, with an irregular surface
(a, b). Small crystals of variable
diameter compatible with otoliths
micro-fragments homogeneously
distributed along the walls of the
3D structure of GEL/OTL-s (c, d)
and ALG/OTL-s (e, f)
Fig. 7 Assessment of cytotoxicity of the otoliths (OTL) and otolith-
incorporated gelatin and sodium alginate scaffolds (GEL/OTL-s and
ALG/OTL-s) using macrophage lineage J774.G8 cells. Data are
expressed as mean ± standard mean error. Significant differences in
relation to Triton-X (TX) are expressed as ***p < 0.001; and in relation
to DMEM is expressed as #p < 0.05 (ANOVA and multiple comparisons
Tukey’s test)
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Conclusions
The method of particle aggregation used in this study was
successful for the formation of 3D spongy scaffolds of gelatin
and sodium alginate containing otolith particles (GEL/OTL
and ALG/OTL, respectively), with interaction between the
otoliths and the polymeric matrices. Although our data sug-
gest that both scaffolds may be promising alternatives to mim-
ic the natural mineral and organic phases of bone tissue, ALG-
OTL scaffolds presented larger and more homogeneous and
interconnected pores in comparison with GEL/OTL, as well
as biocompatibility with macrophage (J774.G8 cells), and
provided higher osteoblast (MC3T3-E1 cells) growth
in vitro. Therefore, ALG/OTL-s scaffolds may work as attrac-
tive substitutes for bone graft and tissue regeneration in tissue
engineering.
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